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First-order Raman scattering of polycrystalline Ge,_,Si, alloys is studied from T'=300-900 K. The
Raman shifts of the three optical phonons are modeled by considering thermal expansion and coupling
to two phonons. The shift of the Si-Si mode near 500 cm ™! has a temperature dependence similar to that
of ¢-Si for x >0.7, but has a slower temperature variation for more Ge-rich alloys. The Ge-Ge mode
near 300 cm ™! has a temperature dependence similar to that of the optical-phonon mode in ¢-Ge for all
compositions studied. The Raman shift of the Ge-Si mode has a dependence in between that of the Ge-
Ge and Si-Si modes. Also, the Raman linewidths of the Si-Si and Ge-Ge modes have a temperature
dependence similar to that of ¢-Si and c-Ge, respectively.

I. INTRODUCTION

Recent interest in Ge;_,Si, alloys is motivated by
their fundamental properties and technological impor-
tance. The properties of these compositionally disor-
dered alloys are similar to those of Si and Ge in some
ways, while in other ways they are quite different."'? Of
particular interest here, the first-order Raman spectrum
of GeSi alloys has three peaks; two are similar to the op-
tical phonon peaks in pure Si and Ge, while the third,
due to nearest-neighbor Ge-Si pairs, is very different.
The dependence of first-order Raman scattering of opti-
cal phonons in Si and Ge on temperature has been exam-
ined in several theoretical and experimental investiga-
tions.> !> This has led to a better understanding of the
anharmonicity in diamond structure crystals, and has
provided data needed for diagnostic applications, such as
in situ measurements of temperature.!>!® Previous stud-
ies of Raman scattering in GeSi alloys have concentrated
on phonon properties at ambient and lower tempera-
tures.!” 2! In this paper we present an investigation of
first-order Raman scattering in bulk polycrystalline GeSi
alloys as a function of temperature.

Raman spectra of Ge;_, Si, alloys are characterized by
three main peaks near 300, 400, and 500 cm ™!, which are
attributed to optic modes of Ge-Ge, Ge-Si, and Si-Si
atom pairs, respectively.!® 2! Additional weak structure
between 420 and 470 cm ™! has also been observed. On
the basis of a lattice-dynamical calculation, Alonso and
Winer!” associated these minor peaks with localized Si-Si
motion in the vicinity of several Ge atoms. The shifts
and linewidths of the three main Raman peaks have been
measured at room temperature by Renucci, Renucci, and
Cardona'® and Brya!® over the entire composition range.
The composition dependence of the peak positions calcu-
lated with an isodisplacement model agree well with ex-
periment.??

The addition of Si (Ge) to an initially pure Ge (Si) crys-
tal softens the Ge-Ge (Si-Si) mode, with the Si-Si mode
frequency exhibiting a greater dependence on concentra-
tion than the Ge-Ge mode frequency. The Ge-Ge mode
has a weaker composition dependence because the com-
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peting effects of local strain and confinement partially
cancel for this mode, whereas they add for the Si-like
mode. Recent experiments have shown that the frequen-
cy of the Ge-Ge mode initially increases slightly for very
low concentrations of Si.2! The Ge-Si mode is associated
with the optical modes of an ordered zinc-blende GeSi
lattice. The frequency of this mode increases rapidly as Si
is added to Ge, attains a maximum near x =0.5, and de-
creases more slowly for x >0.5.

The Raman spectra of ¢-Si and ¢-Ge change with tem-
perature due to the anharmonicity of the vibrational po-
tential energy. Several studies have described how the
Raman shift decreases as the temperature increases.
Hart, Aggarwal, and Lax® measured the peak position for
Si over the temperature range 20-770 K, while Balkan-
ski, Wallis, and Haro* reported the frequency shifts for Si
from 5 to 1400 K. Menendez and Cardona® measured
the temperature dependence of the first-order Raman
scattering by phonons in both Si and Ge. Raman mea-
surements of the solid semiconductor at the melting tem-
perature have been made by Nemanich et al.'? on Si, and
by Tang and Herman'® on Si and Ge.

The molecular-dynamics calculation by Wang, Chan,
and Ho!! has been used to predict the Raman spectrum
of optical-phonon scattering in silicon. Their results are
in excellent agreement with the Raman data for
T =300-1000 K. Most other theoretical work on optical
phonons in Si and Ge to date has been based on perturba-
tion theory. In this approach, the change in the phonon
frequency, the real part of the phonon self-energy, is
caused by changes of volume with T and by phonon-
phonon coupling. Early theoretical calculations by Cow-
ley,® based on a shell model with empirically determined
force constants, included the cubic term to second order
and fit the frequency shift fairly well. Simplifying
Cowley’s approach, Klemens’ modeled the optical-
phonon decay as a single-channel process involving decay
into (only) identical acoustical-phonon pairs (three-
phonon process). Balkanski, Wallis, and Haro* found it
necessary to extend the Klemens model to include cou-
pling to three identical phonons (four-phonon process) to
fit their high-temperature data for ¢-Si. Menendez and
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Cardona® included the thermal-expansion contribution in
their analysis of the frequency shift and claimed, on the
basis of density-of-states considerations, that optical-
phonon coupling to LA-LO-phonon pairs is the most
significant coupling mechanism at moderate tempera-
tures. Narasimhan and Vanderbilt'* used their first-
principles determination of anharmonic force constants
in Si to analyze the importance of cubic anharmonicity
terms in Raman scattering. By using conservation of en-
ergy and momentum they found coupling only to pairs of
LA-TA phonons, and not to pairs of LA-LO phonons as
suggested by Menendez and Cardona. Tang and Her-
man'® used their data and results from earlier studies to
compare the various existing models. They showed that
the Raman shift is successfully modeled by including
thermal expansion and coupling to two phonons.

No Raman measurements at elevated temperatures
have been published for the GeSi alloy system. Such
measurements can further the understanding of phonon
processes in these disordered solids, where there is posi-
tional order (at the lattice sites) and chemical disorder
(describing which atom is at a given site). This can be
fundamentally different from phonon coupling in perfect
crystals, where there is both positional and chemical or-
der, and in amorphous solids, where there is positional
disorder. The dependence of the real part of the phonon
self-energy on T may also differ in GeSi alloys vis a vis c-
Si and c-Ge because the mode Griineisen parameters for
the alloy are different.?3~27

Renucci, Renucci, and Cardona'® measured the Raman
spectrum of bulk polycrystalline Ge-Si alloys over the en-
tire composition range at 77 and 295 K. For this low-
temperature regime, their results suggest that the change
in the mode frequencies with temperature is the same for
each mode and is independent of concentration. Herman
and Magnotta'® used local laser heating of GeSi alloys to
follow the decrease of the mode frequencies with increas-
ing laser power (and therefore temperature). Because the
laser heating produced a nonuniform temperature distri-
bution, they could not explicitly analyze the temperature
dependence.

II. EXPERIMENTAL PROCEDURE
AND RESULTS

Polycrystalline Ge,_, Si, alloys, with an average grain
size of 10—-20 um as determined by scanning electron mi-
croscopy, were grown by the horizontal Bridgeman tech-
nique.?® Slow growth rates (~ 1073 cm/s) were employed
in order to make good quality, homogeneous material.?
The composition of the alloy ingots changed monotoni-
cally along the growth direction due to normal direction-
al freezing of the melt. The ingots were cut perpendicu-
lar to the growth axis to obtain samples.

The compositions of three samples (x =0.15, 0.59, and
0.92) were determined by Auger-electron spectroscopy
(AES). These results agreed with the room-temperature
Raman measurements of Renucci, Renucci, and Cardo-
na.!’® The compositions of the other samples (x =0.20,
0.29, 0.57, 0.60, 0.70, and 0.91) were determined only by
- Raman scattering.'®3° Raman microprobe scattering in-
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dicated that the samples were quite homogeneous.
Within a 25-um radius the line shift of the Si-Si mode
varied by +1.0 cm ™!, compared to the +0.5-cm ™! mea-
surement uncertainty. In general, the linewidths of the
GeSi alloys examined here are greater than those report-
ed in Refs. 18 and 19 by ~2-5 cm ™}, even after anneal-
ing.

Stokes Raman measurements were made in the back-
scattering configuration using a cw argon-ion laser (4880
A) for all of the samples. c¢-Ge spectra were also acquired
with a cw krypton-ion laser (6471 A). The laser power
was <40 mW and the laser spot size was 25 um (or
larger), so the estimated temperature rise due to laser
heating was <20 K.

The Raman signal was analyzed with a triple spec-
trometer, detected with an intensified diode array, and
calibrated with atomic line sources. The high- and low-
energy sides of these asymmetric Raman peaks were fit
with separate Lorentzians, with full widths at half max-
imum I'y and I'j, respectively (I'y <I';). The peak
widths were obtained after correcting for instrumental
broadening, which was fit by a Lorentzian with an ~2.8-
cm ™! full width at half maximum (FWHM).

The Raman spectra of ¢-Si, c-Ge, and five Ge,_,Si, al-
loys (x =0.15, 0.29, 0.59, 0.70, and 0.92) were acquired
from 300— ~880 K. Representative alloy Raman spec-
tra are shown in Fig. 1. The sample chamber, which was
housed in the furnace, was filled with Ar (835 Torr) to
prevent oxidation. Measurements were made both dur-
ing ramp-up heating and during cooling; within experi-
mental uncertainty the spectra were the same. The Ra-
man spectra obtained at room temperature after cooling
were essentially the same as the initial room-temperature
spectra. Four alloys (x =0.20, 0.57, 0.60, and 0.91) were
examined at ~77 and 300 K, and showed the same low-
temperature dependence as seen in Ref. 18.

As the temperature increases, the Raman shift (o) de-
creases, the peak intensity decreases, and the Raman
linewidth (I") increases, as is shown in Fig. 1 for the
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FIG. 1. Typical Raman spectra of Ge,_,Si, alloys, with the
three modes denoted.
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x =0.59 alloy. The dependence of the Raman line shift
on temperature in ¢-Si and ¢-Ge is compared with results
from previous studies in Figs. 2(a) and 2(b), respectively.
The Raman shifts and linewidths for ¢-Si, ¢-Ge, and the
alloys measured here are plotted in Figs. 3 and 4. The
plotted linewidths (FWHM) are I'=(I'y+T';)/2. Ty
and I'; have the same dependence on temperature, i.e.,
I'y(T) and ' (T) differ by a constant. The linewidth
data have significantly more scatter than those for the
line shifts, and the linewidths could not be adequately
determined for several modes.

The Raman shifts in c-Ge were consistently ~1 cm™
smaller than those measured in Ref. 3; there is no such
trend for ¢-Si (Fig. 2). Within experimental uncertainty,
the Raman shifts obtained for c-Ge were the same with
either 4880 or 6471 A. Reference 31 reported slightly
smaller w, g.(T) using 5145 A than with 6328 A, which
was attributed to the larger contribution of lower o sur-
face phonons with 5145 A. Menendez and Cardona’
made their measurements on c-Ge with 6471 A. The data
in Fig. 2 were fit with a straight line. For c-8Sj,
dw/dT =—0.0247 cm™ /K here, compared to —0.022
and —0.031 cm™!/K in Refs. 3 and 4, respectively. For
c-Ge, dw/dT=—0.0200 cm~!/K here, compared to
—0.018 and —0.025 cm~!/K in Refs. 3 and 7, respec-
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FIG. 2. Raman shifts of (a) ¢-Si and (b) ¢-Ge as a function of
temperature from several experiments. The squares are data
from Ref. 3, the open circles in (a) and (b) are data from Refs. 4
and 7, respectively, and the solid circles are from this experi-
ment, for which the uncertainty is +0.25 cm ™! for T <600 K,
and +0.50 cm ™! for T > 600 K.
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FIG. 3. Raman shifts of the three Ge,_, Si, alloy modes as a
function of temperature, for different alloy concentrations. The
experimental uncertainty in the shift is +0.25 cm ™! for T <600
K, and +0.50 cm ! for T'> 600 K. The solid lines are fits using
Eqgs. (1)-(4) with parameters given in Table II for each mode
and composition.

tively. Agreement with earlier work is good, particularly
with Ref. 3.

o(T=0) and dw/dT obtained from least-squares
linear fits to the Raman shifts in Fig. 3 are given in Table
I. Adding Ge to a Si-rich alloy does not change

TABLE I. Linear fit of the Raman shift vs temperature in the
range 295-900 K for Ge,_,Si, alloys. The error in dw/dT is
+0.0008 cm~!/K.

o(T=0) dw/dT

Mode x (cm™?) (cm™/K)
c-Si 1.0 528.6 —0.0247
Si-Si 0.92 522.7 —0.0239
0.70 509.4 —0.0238
0.59 501.8 —0.0211
0.29 476.9 —0.0207
Ge-Si 0.59 414.1 —0.0215
0.29 411.5 —0.0232
0.15 403.7 —0.0259
Ge-Ge 0.59 294.7 —0.0187
0.29 299.5 —0.0210
0.15 303.9 —0.0225
c-Ge 0.0 307.1 —0.0200
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FIG. 4. Raman linewidths of the three Ge,_,Si, alloy modes
as a function of temperature, for different alloy concentrations.
The experimental uncertainty in the width is ~+4%. The solid
lines are fit using Eq. (5), with parameters given in Table III for
each mode and composition, with the exception of curve drawn
through the x =0.29 Ge-Ge data. For ease of viewing, this
curve was plotted with the By; and B,; of the x =0.15 Ge-Ge
mode. The data for c-Ge were corrected by using the 2.3-cm ™!
instrumental linewidth for that run, and not the average value
(2.8 cm™!) used for the other runs.

dwg;.5;/dT much until x <0.7, and then the magnitude of
the slope decreases with increasing Ge fraction.
|d®ge.ge/dT| is higher for x =0.15 (85% Ge) than for c-
Ge, and it then decreases with increasing Si fraction. In
general, for both the Si-Si and Ge-Ge modes, a change in
the alloy fraction that decreases @ also decreases
|dw/dT|, though at a faster rate. In contrast,
|dwg,.si/dT| increases with decreasing Si fraction (for
x =0.59-0.15), even though wg.g decreases. Though
WGe.Ge < WGesi <Wsisiy the slopes dw/dT for the three
modes are in general comparable. In particular, the mag-
nitude of the fractional change with T [(dw/dT)/w| is
largest for the Ge-Ge mode, intermediate for the Ge-Si
mode, and smallest for the Si-Si mode.

III. ANALYSIS OF THE RAMAN SPECTRA

The perturbation models that have successfully de-
scribed Raman scattering of optical phonons in ¢-Si and
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¢-Ge (Refs. 3 and 4) are extended here to describe each of
the three alloy modes. The damped frequency of the
Raman-active optical mode is*

o (T)=wy+A(T), (1)

where w; is the harmonic frequency of the optical mode
for the mode (i =Si-Si, Ge-Si, and Ge-Ge) and A;(7T) is
the perturbation of the real part of the phonon self-
energy. A;(T) can be expressed as

A(T)=AN(T)+AP(T) )

where A{(T) is due to thermal expansion and A?(T) is
due to phonon-phonon coupling.
The thermal-expansion contribution for mode i is3?
AT =ay

-1, (3)

exp {-—37/,- fOTa( T')dT'

where a(T) is the coefficient of linear thermal expansion,
and y,; is the mode Griineisen parameter.

AY(T) depends on alloy composition because a, y;,
and o, are functions of x; further, y; and w, are
different for the three modes. With decreasing Si frac-
tion, a@g. increases from ag (2.59X107%/K) to
QGe(5.90X107%/K) at 300 K, first slowly from x ~1 to
0.15 and then much more rapidly for x <0.15.3 From
300-875 K, ag; increases monotonically by ~50%, ag,
by ~20%, and ag.g; by an intermediate amount. w;, as
will be determined from fitting o(7), and y; (Ref. 27) are
listed in Table II. Note that yg;g; increases with increas-
ing Ge fraction, while ¥ g g, increases with increasing Si
fraction. For each mode, the decrease of w; with T due
to thermal expansion becomes more rapid as the Ge frac-
tion increases, because y;(x)a(x) always increases with
the Ge fraction.

The anharmonic coupling term A7) is due to cubic,
quartic, and higher-order anharmonic terms in the Ham-
iltonian. Following the approach for ¢-Si and c-Ge,* it is
approximated by

TABLE II. Parameters for fitting the Raman shift o(7T) for
Ge,;_,Si, alloys with the f, =0.35, f,=0.65, 4, =0 model, us-
ing the data in Fig. 3. y; are obtained from Ref. 27. The uncer-
tainty in A4 ; is estimated to be 0.1 cm ™!,

Wo; Ay o(T =0)
Mode x Vi (cm™Y) (cm™Y) (cm™Y)
c-Si 1.0 1.02 528.0 —3.4 524.6
Si-Si 0.92 1.09 522.2 —3.1 519.1
0.70 1.19 509.4 —3.0 506.4
0.59 1.25 501.8 —2.4 499.4
0.29 1.42 476.0 —1.8 474.2
Ge-Si 0.59 1.19 413.3 —2.1 411.2
0.29 1.20 411.6 —2.4 409.2
0.15 1.26 403.4 —2.5 400.9
Ge-Ge 0.59 1.28 293.8 —1.3 292.5
0.29 1.19 298.6 —1.5 297.1
0.15 1.15 302.8 —1.6 301.2
c-Ge 0.0 1.11 306.4 —14 305.0
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i=1 (e —1)
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where x| +x,=y,+y,+y;="%wy, /kgT. The first term
couples the optical phonon to two phonons (three-
phonon coupling), while the second term represents
higher-order processes that couple it to three phonons
(four-phonon coupling). As T—0, w;,—wy+ A;+ A,;.
In the high-temperature limit (kp T >>#wy; ), ASV(T) and
the first term in AﬁZ)( T) vary linearly with 7, while the
second term in Eq. (4) varies as 72, In this limit the slope
of the three-phonon term in  A(T) s
A kg /oy (1/f+1/f,), where x;= f #fiwy; /kgT and
fitfo=1

The Raman shift data are analyzed assuming that in
three-phonon coupling either f;=f,=0.5 or f;=0.35,
f,=0.65. The fits include the thermal-expansion contri-
bution A T), and either exclude four-phonon coupling
(A,=0) or include it (assuming that y, =#w,,; /3kpT).*
They were obtained by using a least-squares fit of w(T) to
determine A4 ;, with w,; chosen so that wy;+ A4,; is close
to @;(T =77 K). Menendez and Cardona® showed that
the three-phonon model with f;=0.35, f,=0.65, which
couples the optical phonon to phonons with energy
0.35%iw, and 0. 65%w,, is a better fit for ¢-Si and c-Ge than
the f,=f,=0.5 fit, which assumes coupling to two pho-
nons with energy 0.5%w,.° They also showed that it is
physically more reasonable because of its maximized joint
density of states. In the high-T limit A, ~1/f;+1/f,,
which explains why the A4,; obtained here assuming
f1=f,=0.5 are ~10% larger than the values obtained
assuming f;=0.35, f,=0.65. Tang and Herman!’
showed that even near the respective melting points, the
four-phonon term is not important in ¢-Si and c-Ge. This
is also seen for the alloys; the inclusion of four-phonon

coupling leads to negligibly small values of A,
(A,;/A;<0.01).
The parameters for the model with

f1=0.35,f,=0.65, 4,,=0 are listed in Table II. In Fig.
3 these fits are plotted for the three modes for different x.
These fits and the general trends vs x are not very sensi-
tive to y; or wy;.

The parameters obtained for c¢-Si and c-Ge compare
well with previously published results.!> For ¢-Si,
A;=—3.4 cm ! here and —3.5 cm ™! in Ref. 13 (both
with ©0,=528.0 cm™!). For c-Ge, 4,=—1.4 cm™ ! and
0y=306.4 cm~!, whereas 4;=—1.2 cm ! and
0p=306.2 cm ! in Ref. 13.

| 4, si.sil decreases with Ge fraction, much faster than
does wg. A Ges; and 4 ge.ge depend on alloy concen-
tration much more weakly. The change of 4 g.g. as x
increases from O to 0.15 and then to 0.29 is not monoton-
ic, as is also seen for dw /dT for this mode. Even though
dw/dT, which also includes the effect of thermal expan-
sion, is roughly the same for the three modes, | 4, ge.cel
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is clearly <|A,gqgl. This is because dA®/dT
~ A,;/0g; and 0g,. g, <<og;s;-

| 4 sisil in Si-rich alloys is larger than |4, g, gl in
Ge-rich alloys, as is also true for | 4| normalized by the
harmonic frequency, | 4|/ wq. This is also seen when
comparing optical phonons in ¢-Si and ¢-Ge. In contrast,
in the Ge-rich alloy (x =0.29), | 4,| /@, is smaller for the
Si-Si mode than the Ge-Ge mode, and, in fact, it is largest
for the Ge-Si mode. For the x =0.59 alloy, | 4,|/w, is
larger for the Ge-Si mode than for the Si-Si mode.

The Raman linewidth in ¢-Si and c-Ge is approximate-
ly equal to the phonon damping rate, which is the imagi-
nary part of the phonon self-energy. In analogy with the
Raman line shift, the linewidth of each of the alloy modes
can be modeled as

2 1
1+ 3 ——
i=1 (e —1)

3 1 1
+B,, |1+ Z + , (5)
l k=n[<e”—1) (e =1y H

where x; and y, are defined as for Eq. (4). T'(T) is simi-
lar to Eq. (4), with the first term corresponding to three-
phonon processes (decay into two phonons), and the
second term to four-phonon processes (decay into three
phonons). It is assumed that there is an additional con-
tribution to the linewidth of the alloy due to disorder that
is independent of temperature, I';;, as suggested by Her-
man and Magnotta.!® The total linewidth T',(T) is then
I',;+T,(T). Broadening due to phonon coupling is
represented by a Lorentzian line shape. Though the dis-
order term is clearly not Lorentzian, since the overall
profile is asymmetric, it is approximated as a Lorentzian
here. Linewidth contributions due to compositional in-
homogeneity are small and are ignored.

I'(T) is analyzed for the alloy assuming
f1=0.35,f,=0.65 for the three-phonon term. Unlike
the fit for A'?, it is necessary to keep the four-phonon
term. This has also been seen for ¢-Si and ¢-Ge by Tang
and Herman."? For the Si-Si (Ge-Ge) modes, I'; was set
equal to Ig; giGe.ge) — Ie-sic.ge) at 295 K. For the Ge-Si
mode at x=0.59 TI; was set equal to
Fgesi—(FesitToge)/2 at 295 K. A least-squares fit of
I'(T) determined B;; and B,;, using w,; from the fit of
o(T). Furthermore, I',(T—0) was set equal to the low-
temperature value of the “pure material,” i.e., 1.30, 0.75,
and 1.0 cm™! for the Si-Si, Ge-Ge, and Ge-Si modes, re-
spectively (from I'. 5(0), . _g(0), and
[T,5i(0)+T . ge(0)]/2, respectively). The fit parameters
are listed in Table III, and the fits are plotted with the
data in Fig. 4.

The average instrumental linewidth of 2.8 cm ™! was
used to analyze the GeSi and ¢-Si runs. For these materi-
als, data analysis was insensitive to run-to-run variations
about this average. However, for ¢-Ge it was necessary
to use the 2.3-cm ! instrumental linewidth measured
during that run.

L(T)=By;
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TABLE III. Parameters for fitting the Raman linewidth
I(T) for Ge,_,Si, alloys with the f,=0.35,f,=0.65 model.
Values of w, from Table II are used in the fit of the data in Fig.
4. The uncertainty in B, is £0.05 cm™! and B, is £0.01 cm™".
I'y; is a temperature-independent contribution due to disorder.
The ¢-Ge data were analyzed using a 2.3-cm™' instrumental
linewidth instead of the average value (2.8 cm™!) used for the
other runs.

r(r=0) ry By; By,

Mode x (cm™) (cm™) (cm™Y) (cm™)
c-Si 1.0 1.3 0.0 1.28 0.04
Si-Si 0.92 3.3 2.0 1.28 0.07

0.70 5.0 3.7 1.20 0.09

0.59 9.2 79 1.21 0.06
Ge-Si 0.59 15.5 14.5 0.74 0.22
Ge-Ge 0.29 8.3 7.6 0.70 0.01

0.15 6.4 5.8 0.56 0.06
c-Ge 0.0 0.6 0.0 0.54 0.06

The linewidth parameters agree reasonably well with
those reported by Tang and Herman'® for c-Si
(B, =1.2254 cm ™! and B, =0.0946 cm~!). For c-Ge, B,
is smaller and B, is larger than that reported in Ref. 13
(B;=0.7352 cm~ ! and B,=0.0148 cm™'). These
differences partially offset each other.

In the Si-rich alloy the dependence of the linewidth of
the Si-Si mode on temperature is very similar to that of
the optical phonon in ¢-Si, while in the Ge-rich alloy the
Ge-Ge mode varies with T like the optical phonon in c-
Ge. The Si-Si mode decays much faster than does the
Ge-Ge mode. Note the large value of B, g.s;- This may
mean that the four-phonon term is more important in the
decay of the Ge-Si mode than for the Si-Si and Ge-Ge
modes; however, uncertainties in the fit make any such
conclusion highly uncertain. Table III suggests that
B, ;. s; may slightly decrease with increasing Ge fraction,
while B g, ge may increase with increasing Si fraction.
However, because of scatter in the data in Fig. 4, and the
uncertainties in the fitting procedure, it would be unwise
to suggest such a trend. For the GeSi alloys in Refs. 18
and 19, I';; would be expected to be smaller than the
values listed in Table III, because those alloys have a nar-
rower linewidth at 295 K.

IV. DISCUSSION

Overall, the temperature variation of the Raman shift
and linewidth of the Si-Si mode in GeSi alloys is very
similar to that for ¢-Si, while the variation of the Ge-Ge
mode is similar to that for c-Ge. The dependence of the
Ge-Si mode is intermediate. As the Ge fraction in-
creases, there is a clear decrease in the coupling constant
| 4| that characterizes A?(T) for the Si-Si mode. With
the presented data, no such trends are discernible for B;.

The perturbation model used to fit the Raman spectra
in Sec. III couples a I'-point optical phonon to phonons
that maximize the product of the anharmonic coupling
constant and the joint density of final phonon states
g>(w). If, in three-phonon coupling, the final states are
two acoustic phonons (LA+TA) near the edges of the
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Brillouin zone, as has been recently suggested by
Narasimhan and Vanderbilt for ¢-Si,'* then each of the
three localized Ge,_,Si, alloy optical vibrations couples
to the more delocalized acoustic modes. The overall cou-
pling in each case depends on the joint density of states
for two acoustic phonons at the mode frequency w;(x).
As noted for Si in Ref. 14, the coupling matrix element
strongly depends on the wave vectors of the final-state
phonons, so the details of g,(w) may not dominate
AP(T) [or Ty(T)].

Earlier, Menendez and Cardona® suggested that optical
phonons in ¢-Si and ¢-Ge couple to an optical phonon
(LO) and an acoustic phonon (LA) (both of which are off
zone center, g70). If such coupling occurs in the GeSi
alloy, then it would be possible for, say, a ¢ ~0 Si-Si opti-
cal phonon to couple to a q~q’ acoustic phonon and to
either a Si-Si, Ge-Si, or Ge-Ge optical phonon with
q~ —q’'. Though the spatial coupling between different
optical modes, e.g., Si-Si with Ge-Si or Ge-Ge, could be
weak, the joint density of states could be large. This
mechanism would be fundamentally different from the
anharmonic coupling mechanisms in c¢-Si and c-Ge.
Perhaps the conservation of momentum restriction that
forbids this coupling in c¢-Si (Ref. 14) is relaxed in these
disordered GeSi alloys, and decay to LA-LO phonons can
occur.

There is very little information about the joint density
of states for phonons in GeSi alloys, even from higher-
order Raman measurements. Since second-order Raman
scattering is dominated by overtones, and not by the
combination bands that are important here, it reflects the
single-phonon density of states g,(w) scaled in w by two.
Some information can be gleaned from ¢-Si and ¢-Ge and
from measurements of g,(w) for the alloy. The c-Si and
¢-Ge phonon-dispersion relations very nearly scale, ex-
cept for the zone-boundary TA phonons, and therefore
gi(®w) and g,(w) for Si and Ge are nearly homolo-
gous.**3’ For both, g,(w) has a peak near 0.650, due to
LA(L) phonons and a peak at 0.35», due to acoustic
phonons along 3, but g,;(0.50,) is negligible. This
justifies the use of the f;=0.35, f,=0.65 model for c-Si
and c¢-Ge, as suggested in Refs. 3 and 14, and the rejec-
tion of the f;=f,=0.5 model, earlier suggested in Refs.
4 and 9. This is probably also true for the Si-Si mode for
x ~1 alloys and the Ge-Ge mode for x ~0 alloys, for
which the anharmonic coupling constants and g,(w) are
probably very similar to those for ¢-Si and c-Ge, respec-
tively. This is much less certain for other x and for the
Ge-Si mode.

Because of the lack of inelastic neutron-scattering data,
g:(®) for c-GeSi must be deduced from first-order Ra-
man scattering from a-GeSi and second-order Raman
scattering from c-GeSi.?%3¢73 The reduced Raman in-
tensity of a-Si (a-Ge) has been shown to be a good mea-
sure of g,(w) for c-Si (c-Ge), broadened somewhat and
shifted (by ~ —10 cm™1).3® The Raman spectrum of a-
GeSi (Refs. 37 and 39) is continuous, with relatively
sharp features near x =0 and 1, and broad features near
x =0.5. The TA peak moves from ~90 cm ™! for a-Ge
to ~180 cm ! for a-Si. It also has prominent features at
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~280, ~390, and ~480 cm ! due to Ge-Ge, Ge-Si, and
Si-Si optical vibrations, respectively. The position of
these features vary little with x, though their amplitudes
vary according to the number of Ge-Ge, Ge-Si, and Si-Si
pairs. Similar, but sharper features are seen in second-
order Raman-scattering®® and tunneling measurements.*
g:(w) inferred from these measurements are in accord
with the models of Dean*! and Yndurain.*?

Overall, g,(w) is expected to be appreciable at 0.35w;
and 0.65w,, for each of the three alloy modes at all com-
positions investigated here; however, nothing specific can
be inferred about g,(w). Still, the f,=0.35,f,=0.65
model is expected to be reasonable for phonon coupling
in GeSi alloys, at least for the Si-Si mode near x =1 and
the Ge-Ge mode near x =0. Because wg..g.~0.6ws;;
and @ge.s~0.8wg; g, it is possible that the Si-Si mode
couples through either of these two optic modes. Then
f1 and f, would also be different than for ¢-Si or c-Ge.
However, since |4, gg| tends to decrease with x, this
potential new pathway does seem to be very significant.
Overall, it is not clear how the anharmonic coupling term
and joint density of states vary with x for the three
modes.

The dependence of the joint density of states on alloy
composition can affect 4,; in another way. The three-
phonon term in A is the product of 4,; and a term
linearly  dependent on the phonon  density
[~(1/f,+1/f,) /ey at high T]. A,; can be approxi-
mated as the product of the anharmonic coupling con-
stant and the joint density of states for final-state phonon
energies (f,f,) for which this product is maximum. If,
for a given mode, f; and f, change with x, and this
change is not reflected in the calculation, the value ob-
tained for 4,; would be wrong. For example, if the Si-Si
mode decayed into phonons of equal energy
(f,=r,=0.5) for x =0.29 or 0.59, rather than 0.35%w,
and 0.65%w, for x ~1, | 4,;| would be 10% higher than
that presented in Table II. Since this is the maximum in-
crease possible by this consideration, it cannot account
for the entire change of 4, g 5; with x.

By comparing first- and second-order Raman spectra
in polycrystalline GeSi, Lannin?®® showed that Raman
scattering involves only near-zone-center q~O0 phonons
through much of the composition range; however, he
showed that disorder can lead to the nonconservation of
momentum at extreme alloy concentrations, as for the
Ge-Ge mode when x ~1. Earlier work by Renucci,
Renucci, and Cardona®® suggested that zone-edge pho-
nons may dominate scattering even for x ~0.5. It is pos-
sible that the observed decrease in | 4, g 5| for large Ge
fractions may be due, in part, to this effect of disorder.

The potential importance of such disorder can be re-
vealed by studies of w(T) for optical phonons away from
the zone center in Si and Ge. These phonons become
more important in Raman scattering as disorder in-
creases. By studying two-phonon scattering, Tsu and
Hernandez® showed that in ¢-Si (dw/dT) /o is the same
(—5.4X1075/K) for q=0 LO/TO phonons (T',s), and
TO phonons at L (L5 ), and that it is smaller for TO pho-
nons at X (X,) (—3.6X107°/K). They also provide
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data that suggest that (dw/dT)/® is ~0-10 % smaller
for a-Si than for I',s, phonons in ¢-Si. In c-Ge, Nelin and
Nilsson** showed that (dw/dT)/e is the same within
~10% for I',s5,, X; (LO at X), L3, and L, (LO at L) opti-
cal phonons (—5.1X107°/K), but that it is larger in
magnitude by ~40% at X,. Therefore, to first order
(dw/dT)/w is fairly constant across the Brillouin zone in
¢-Si and c-Ge.

dw/dT is affected by volume expansion and phonon
coupling. Given the generally larger y for optical pho-
nons away from the zone center (~1.1—1.5) than at
q=0 in Si and Ge (~1.0),*** the fraction of dw/dT due
to volume expansion is generally larger for 70 phonons,
and, therefore, the fraction due to phonon coupling is rel-
atively smaller.

Comparison of a-Si with ¢-Si shows the effect of com-
plete long-range disorder. If (dw/dT)/w and y were the
same for a-Si and c¢-Si at T',s, then | 4] would still be
smaller by ~15% for a-Si relative to ¢-Si. This is due to
the relative factor of (w,g/®.s)* that comes from
(dw/dT)/w, and the high-T expansion of A'®(w, 5;~480
cm™ !, and o,.g=521 cm™!). Using more realistic values
for v, of 1.3 (from an average over the c-Si Brillouin
zone) or 2.0 (which comes from data in Ref. 46, and
which seems too high), | 4 ,l would be smaller by 20% or
33% in a-Si than in ¢-Si, assuming equal (dw/dT)/w, or
by 31% or 43% if |(do/dT)/w| is smaller in a-Si by
10%. Therefore, disorder could account for part of the
~47% decrease in |4, gl as x decreases from 1 to
0.29.

The observed nonmonotonic change in | 4; ge.gel, an
increase from x =0 to 0.15 followed by a decrease with
increasing x, cannot be attributed to uncertainties in «,
¥, or the current measurements. It is noted that other
properties of Ge;_,Si, alloys change abruptly near
x =0.15, such as the coefficient of thermal expansion,*
which is also related to anharmonicity, and the variation
of the band gap with x, which is due to the change from
Ge to Si-like conducting-band minima.!

The anharmonic shift at T=0is 4+ 4,;, which is
~ A,; here. Vanderbilt, Louie, and Cohen*” have shown
that for Si and Ge this shift can be approximated by
[3#/4M?0})(@+2B)—[3%/4M3*0}]7*, where the first
term is due to quartic interactions in first-order perturba-
tion theory, described by anharmonic coupling constants
@& and B, and the second term is due to cubic terms in
second order, as described by ¥. M is the atomic mass.
Both terms ~ T at high 7, though only the second term
has the explicit form of the first term in Eq. (4). The cal-
culation in Ref. 47 predicts 4,=—3.5 and —1.2 cm ™!
for ¢-Si and c-Ge, respectively, which is close to the ob-
served values, with ~80% of A4, due to the cubic term.
One way to compare A ,; for the different alloy modes is
to assume that there are such alloy-averaged parameters
@, B, and 7, and then to compare either M?w}; A,; or
M}w}; A,;, which are A4,; scaled to give the quartic term
@-+2f and the cubic term ¥, respectively, within a con-
stant. M; is the Si (Ge) mass for the Si-Si (Ge-Ge) mode,
and it is twice the Si/Ge reduced mass for the Ge-Si
mode. Figure 5 shows quartic scaling of 4,;. Both ways
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FIG. 5. Scaled values of A4;; for the three modes, normalized
to the value in ¢-Si. The scaling relationship for the quartic
anharmonic parameters, M2w3; A,;, is used. The solid circles,
solid squares, and open circles represent the Si-Si, Ge-Si, and
the Ge-Ge modes, respectively. The curves through the points,
which are solid, dotted, and dashed, respectively, are meant to
aid viewing.

of scaling A4,; give qualitatively the same results, with
fairly uniform anharmonic parameters for the three
modes for all x, except for the Si-Si mode in the Ge-rich
alloy, where the scaled | 4,;| becomes very small.

The variation of linewidth with temperature also de-
pends on the product of anharmonic coupling constants
and g,(w). On the basis of the frequency shift data, it is
not surprising that B,; for the Si-Si (Ge-Ge) modes for
x ~1(0) is approximately that for optical phonons in ¢-Si
(c-Ge). Narasimhan and Vanderbilt'* have calculated
I(T) for c-Si at various points in the Brillouin zone.
Their calculation included only the cubic anharmonic
terms that contribute to three-phonon coupling (B;),
which explains why they predict smaller linewidths for
zone-center phonons than are measured. Still, they found
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that dT'/dT is significantly smaller (larger) for LO(TO)
modes at the X and L points than at the zone center.
Since probably both LO and TO modes contribute in the
backscattering from polycrystalline GeSi alloys, these
calculations have no clear implications for these experi-
ments.

V. CONCLUDING REMARKS

The temperature dependence of the Raman shift of the
three GeSi alloy modes is well described by considering
the volume expansion and three-phonon coupling anhar-
monic contributions to the real part of the phonon self-
energy. Four-phonon coupling is not important. The
Raman shift of the Si-Si (Ge-Ge) mode in the alloy has a
temperature dependence very much like that of the c-Si
(c-Ge) optical mode for Si-rich (Ge-rich) alloys. The Si-Si
mode frequency changes much more slowly with temper-
ature in Ge-rich than in Si-rich alloys. This is due to
changes in the coupling matrix elements and final-state
joint density of states with x, and is possibly also affected
by mechanisms that may occur in GeSi alloys but not in
¢-Si and ¢-Ge. These mechanisms depend on the possible
additional coupling to other optical phonon modes and
on the possible non-zone-center nature of the optical pho-
non formed in Stokes scattering. Though the shift of the
Ge-Si mode depends on temperature in a way similar to
Si-Si and Ge-Ge modes, it is difficult to make a quantita-
tive comparison. The variation of the Raman peak width
in the alloy with temperature is modeled by three- and
four-phonon decay processes, as in ¢-Si and c-Ge, and a
temperature-independent disorder term.
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